Abstract
INTRODUCTION
The reproductive structures of most flowering plants have experienced enormous diversification events, with adaptations promoting reproductive success in various environments. The diversification of those structures is thought to have played an important role in the evolution of angiosperm diversity (Barrett 2010) . Angiosperm reproductive systems range from hermaphroditic species (~90% of angiosperms; Barrett and Hough 2013) , in which male and female reproductive structures are located in the same flower or same plant to dioecious species (6-7% of angiosperms, Barrett 2010) , where unisexual flowers are 'borne' on separate individuals. The mating system of hermaphroditic species ranges from strict autogamy to obligated outcrossing (Barrett et al. 1996) , depending on intrinsic (phylogenetic or life-history traits) or extrinsic factors (environmental conditions or biotic interactions; Abe 2001; Barrett and Eckert 1990) , whereas most dioecious species are obligate outcrossers (except for those with asexual seed production or propagation).
Dioecy has occurred 'numerous' times in the evolutionary history of plants (i.e. 100 times; Charlesworth 2002) , and it has been suggested that its presence is related to the reduction of harmful effects of inbreeding depression (Charlesworth 1999; Vamosi et al. 2006) , and to sexual specialization, in which the allocation of all resources to a single function could result in more pollen, or more or better seeds (Darwin 1877; Freeman et al. 1997; Patel and McKey 1998; Sinclair et al. 2013) . The transition between reproductive systems has 'widespread' consequences on morphological and physiological floral traits, which eventually could lead to changes in their interactions with pollinators, affecting their reproductive success. Dioecious species are generally sexually dimorphic in primary (differences in sexual organs) and secondary sex characters (differences in traits not related to sexual organs; Barrett and Hough 2013; Sakai and Weller 1999) . Perhaps one of the most conspicuous sexually dimorphic traits in dioecious species is flower size (Delph et al. 1996) . Female flowers are generally smaller and with fewer or no rewards to offer pollinators compared with male flowers (Ashman et al. 2005; Charlesworth 1993; Varga et al. 2013) . Consequently, the reproductive success of dioecious species is particularly vulnerable to pollen limitation (Vamosi and Otto 2002) , due to low visitation rates to less attractive females or heterospecific pollen deposition (Ashman et al. 2004; Ashman and Arceo-Gómez 2013; Knight et al. 2005 ). In contrast, hermaphroditic self-compatible species are expected to have lower levels of pollen limitation (Knight et al. 2005; Larson and Barrett 2000) , given the greater availability of compatible pollen.
Despite the lengthy discussion since the time of Darwin about the idea of pollination syndromes in which an association between particular floral traits (e.g. morphology, color, size and rewards) and specific groups of pollinators is expected (Faegri and van der Pijl 1979; Fenster et al. 2004) , new quantitative analyses suggest that convergent floral evolution is driven by adaptation to the most effective group of pollinators (Rosas-Guerrero et al. 2014) . In this context, a higher predictability of pollination syndromes is expected in dioecious species, which are highly dependent on pollinators, than in self-compatible hermaphroditic species (Rosas-Guerrero et al. 2014) .
Fuchsia (Onagraceae) is a natural group with 12 sections and ~110 species (Berry et al. 2004) , distributed from Mesoamerica to South America and to a lesser extent in the South Pacific (Berry et al. 2004) . Fuchsia has been defined as a strongly outcrossing genus due to the spatial separation of its stigma and anthers, with no incompatibility systems reported (Raven 1979) . While most of the species are hermaphroditic, which has been proposed as the ancestral condition, there are few subdioecious and dioecious species (only three dioecious species have been described; Breedlove 1969) . Even though bee pollination appears to be primitive in Onagraceae (Raven 1979) , hummingbird pollination prevails in Fuchsia, except for some of the dimorphic species (Breedlove 1969) . However, detailed studies of the pollination biology of most Fuchsia species, particularly the dioecious species, are scarce. The presence of closely related species of Fuchsia with contrasting reproductive systems (Berry et al. 2004) provides the opportunity to test predictions related to pollination syndromes, pollen limitation and sexual specialization between hermaphroditic and dioecious species.
In this article, we characterize and compare the pollination biology of four Fuchsia species with contrasting reproductive systems: hermaphroditic Fuchsia arborescens and Fuchsia fulgens and dioecious Fuchsia obconica and Fuchsia parviflora, all endemic to and narrowly distributed in Mexico. Specifically, we propose the following predictions: (i) dioecious species, which are highly dependent on pollinators, should experience greater predictability of pollination syndromes than self-compatible hermaphroditic species; (ii) hermaphroditic species with lower herkogamy (i.e. smaller distance between stamens and stigma) should have a higher fruit set from autonomous self-pollination than that of hermaphroditic species with greater herkogamy; (iii) higher nectar production or concentration is expected in males than in females of dioecious species, and therefore more pollinator visits to this sex; (iv) if pollinators are able to detect the differences in flower size or rewards between sexes, dioecious species may experience pollen limitation, whereas no pollen limitation is expected in hermaphroditic species if they show autonomous self-pollination; and (v) in the absence of pollen limitation, more or better seeds are expected in dioecious species compared to hermaphroditic ones, according to the sexual specialization hypothesis.
MATERIALS AND METHODS

Study site
The studied populations of the four Fuchsia species were located in areas of pine oak forest within the Trans-Mexican Volcanic Belt (TMVB) in Michoacán, Mexico. We identified one population of F. arborescens (El Salto) and two populations of F. fulgens (Charahuén and Patzcuaro-Uruapan Road), F. obconica (Ichaqueo and El Manzano), and F. parviflora (Ajuno and Zirahuen; supplementary Table S1 ). Populations of the same species were situated between 2 and 10 km apart. Although some of the species can coexist, all our study populations are allopatric.
Study species
Fuchsia arborescens Sims is a hermaphroditic erect shrub or small tree 3-8 m tall with opposite leaves 10-21 cm long and 4.8 cm wide. It has numerous erect flowers in the terminal part of its branches; the floral tube is subcylindric to obconic (3.5-6 mm long) with pink-purple sepals and lavender petals, with exerted stigma above the anthers (Fig. 1A and B) . The flowers produce small purple subglobose fruits when ripe (8-12 mm long, 7-10 mm thick), and the seeds are 1-1.5 mm long and 0.5-0.8 mm thick (Breedlove et al. 1982) . The flowers are likely pollinated by bees and butterflies (Raven 1979 ). The species is distributed along the Sierra Madre Occidental from Durango to Oaxaca and through the TMVB to Veracruz from 1750 to 2500 above mean sea level (m.a.s.l.; Breedlove et al. 1982) .
Fuchsia fulgens De Candolle is a hermaphroditic softwooded shrub 0.5-3 m tall. Its opposite leaves, which measure 9-15 cm long and 5-12 cm wide, are pale green above and red below. It has several long red tubular flowers presented in drooping racemes with a narrow funnel form (50-65 mm long and 2-4 mm wide), suggesting bird pollination ( Fig. 1C  and D) . It produces dark purple elongated fruits, which measure 20-30 mm long and 8-15 mm thick. This species is often hemi-epiphytic in trees (mainly oaks) and it sometimes grows on rocks, especially around lakes or waterfalls along the TMVB. Its distribution covers the TMVB from Jalisco to the State of Mexico and the Sierra Madre del Sur of Guerrero between 1450 and 2300 m.a.s.l. (Breedlove et al. 1982) . Fuchsia obconica Breedlove is a dioecious shrub 1-3 m tall with opposite leaves 11-63 mm long and 6-24 mm wide. Both staminate and pistillate flowers have white petals and greenish white to white sepals. Staminate flowers have undeveloped ovaries and are larger than pistillate flowers (staminate flowers: hypanthium 4.8-7.7 mm, sepals 2.4-3.2 mm and petals 2.1-2.8 mm long; pistillate flowers: hypanthium 1.8-3.8 mm, sepals 0.9-1.6 mm and petals 0.6-1 mm long; Fig. 1E and F). Several diptera species have been observed visiting the flowers in natural populations (Breedlove 1969 ). This species is distributed in pine oak forests in scattered localities of the TMVB from Jalisco to Morelos from 1700 to 2400 m.a.s.l. (Breedlove 1969) .
Fuchsia parviflora Lindley is a dioecious shrub 1.5-4 m tall with opposite pubescent leaves 30-75 mm long. Both staminate and pistillate flowers have red hypanthium and red or white sepals and petals. Staminate flowers also have undeveloped ovaries and are larger than pistillate flowers (staminate flowers: hypanthium 8.5-11.2 mm, sepals 2.8-5.3 mm and petals 3.2-4 mm long; pistillate flowers: hypanthium 3.2-5.7 mm, sepals 2.7-4.2 mm and petals 1.5-2.1 mm long; Fig. 1G and H). Bumblebees and hummingbirds have been reported to visit its flowers (Breedlove 1969) . It is distributed in pine oak and Arbutus forests and evergreen cloud forests To compare flower longevity among species and sexes, we randomly selected 3 floral buds ready to open per plant, in 12 plants per species and sex (24 plants in dioecious species) and followed flowers daily until senescence. We recorded flower life span (in days) and analyzed these values with a general linear model with species and sex as fixed effects and plant as a random factor.
Floral visitation and pollination syndromes
We video recorded 4-25 focal flowers per plant for the 4 species and sexes between 0800 and 1500 h (the time interval with the greatest number of floral visitors based on previous observations) in order to describe the assemblage of floral visitors and their visitation rate. Observations were performed during two consecutive years (2012-2013) apart from F. arborescens (2012), and in one population, except for F. parviflora, in which data were obtained from two populations. We analyzed 258 h of video recordings and documented the species of floral visitors and noted whether they made contact with reproductive organs, the number of visits per plant and the number of visited flowers per foraging bout and per plant. With these data, we calculated the visitation rate to obtain the number of visited flowers per hour. To compare the visitation rate between species, we conducted a GLMM with a Poisson distribution and a logit function, with species as the fixed factor, plant identity as a random effect and visitation rate as the response variable. To compare the visitation rate between sexes of the dioecious species, we conducted a GLMM as described above, with sex nested in population and year, plant identity as a random effect and visitation rate as the response variable.
We modified the description of Rosas-Guerrero et al. (2014) to characterize the pollination syndrome of each of the four studied species (i.e. we included nectar production and concentration as well as other floral traits). We assigned the predicted pollination syndromes based on the presence or absence of variants for each floral trait, and then, we estimated the correspondence between the predicted syndrome and the floral visitors recorded in this study. For instance, in F. fulgens, all the floral traits corresponded to ornithophily and all recorded visits were made by hummingbirds, so that the correspondence was 100% (Table 2) . In dioecious species, we estimated the correspondence for both male and female flowers.
Nectar production
We quantified nectar production to determine whether plants of different species and sexes reward pollinators equally. Accumulated nectar was measured because flowers of all species are very fragile and fall off when measuring them. For this purpose, we bagged with netting 5 floral buds before opening in 12 plants of both sexes for each species, and at 0700 h nectar was extracted from one flower per plant with a graduated micropipette (5 μl). Nectar extraction of the four remaining flowers was performed on subsequent days to obtain a measure of the accumulated nectar over the flower's lifetime (flowers that lasted 5 days were chosen in the four species). Nectar concentration was measured with a manual refractometer (Master-53M Brix 0~53%). Nectar volume and concentration were compared between species and days using a GLMM with a Poisson distribution and a logit function, with species and age of the flowers as fixed factors, plant identity as a random effect and nectar volume and concentration as response variables. The same model was used to determine differences between sexes in dioecious species, including sex and age as fixed factors and plant identity as a random effect.
Herkogamy and self-pollination in hermaphroditic species
Anther-stigma separation in hermaphroditic species was measured from the superior anthers to the stigma base, using a digital caliper (3 flowers/plant, 12 plants/species). In F. arborescens and F. fulgens the measurements were taken from the first day until the last day the flowers remained open, and the average herkogamy per day of each species was then estimated. Given that in both species the stigma was always located above the anthers, the measurements of herkogamy were positive in all cases.
To determine whether autonomous self-pollination occurs in hermaphroditic species, we bagged flowers before opening and during their lifetime. Manual self-pollinations were also performed by bagging 6 flowers per plant (15 plants per species) and depositing pollen of the same flower onto the stigma on the second day after opening so as to ensure the stigma was receptive (determined by the presence of exposed stigmatic lobules in dioecious species and the elongation of style and globose stigma in hermaphroditic species). For both treatments we recorded fruit set and compared this with the fruit set produced by outcrossing (used for the pollen limitation experiment described below), using a GLMM with a binomial distribution and a logit function, with treatment as the fixed factor and plant identity as a random effect.
Pollen limitation
We explored whether the four Fuchsia species studied experienced pollen limitation by comparing the fruit set and number of seeds produced through manual outcrosses with those produced via natural pollination. For hermaphrodites, we also included a manual self-pollination treatment to distinguish inbreeding depression (quality) from quantity. For this purpose, in 15 plants per species, we selected 6 flowers per plant and treatment (180 flowers/species in dioecious species and 270 in hermaphrodites) and tagged flowers with colored wire to distinguish them. When the experiment was completed, the number of flowers used per plant represented between 40% and 60% of the floral display per species. For the natural pollination treatment, we tagged floral buds before opening, and flowers were exposed to pollinators throughout their lifetime. For the manual outcrosses, we first bagged floral buds to exclude floral visitors. When the flowers opened, we performed the crosses using donor pollen from flowers of different individuals of the same population, on the second or third day of the flower's life when the stigmas were receptive. We collected the anthers of the donor flowers from plants 10 m away, to avoid crosses between relatives, and then completely covered the receptive stigmas with the donor pollen. In hermaphroditic species, flowers were emasculated before anther dehiscence to avoid autonomous self-fertilization. For manual self-pollinations, we deposited pollen from the same flower onto the stigma of bagged flowers. Flowers of all treatments were monitored until fruit production, at which time the fruit set of each treatment was estimated. After approximately 6 weeks, we collected a sample of mature fruits (n = 156) and counted the number of developed and undeveloped seeds, distinguishing them by their obvious differences in size (undeveloped seeds are smaller).
For each species, we determined the treatment effect (manual outcrosses and natural pollination in dioecious plants, and manual outcrosses, natural pollination and manual self-pollination in hermaphrodites) in three response variables, namely fruit set, number of developed seeds per fruit and seed mass, using a GLMM with a binomial distribution (for fruit set), a Poisson distribution (for number of seeds and seed mass) and a logit function, with treatment as the fixed factor and plant identity as a random effect. We considered that a dioecious species experienced pollen limitation when outcrossed flowers produced a higher fruit set, or more or heavier seeds, than flowers exposed to natural pollination. In hermaphrodites, if outcrossed flowers produced a higher fruit set, or more or heavier seeds, than flowers exposed to natural pollination, pollen limitation was likewise predicted, but we could not distinguish whether it was due to lower pollen deposition (fewer pollen grains) or low-quality pollen (selfpollen). If outcrossed flowers produced a higher fruit set, or more or heavier seeds, than manual self-pollinated flowers this would indicate that when pollen of the same flower is deposited it may contribute to pollen limitation probably as a result of inbreeding depression. In the case of F. fulgens, we also compared the average number of undeveloped seeds per fruit between self-pollination and outcrosses by means of a non-parametric test (Mann-Whitney).
Fruit set, seed production and seed germination
In dioecious species, we explored whether asexual seeds can be produced by apomixis. For that purpose, female flowers of F. obconica and F. parviflora were bagged for the duration of their lifetime and fruit set was estimated.
The fruit set, seed number and seed mass of developed seeds were compared among species, considering only data from the natural pollination treatment used in the pollen limitation experiments. A sample of the developed seeds of the natural pollination treatment (n = 2884) was then sown in commercial soil inside a greenhouse and the proportion of seeds that germinated was subsequently recorded. To test for differences among species in fruit set, seed number, seed mass and germination, we performed a GLMM with a binomial distribution (for fruit set and seed germination), a Poisson distribution (for number of seeds), a Gaussian distribution (for seed mass) and a logit function, with species as the fixed factor and plant identity as a random effect.
RESULTS
Phenology, floral display and flower longevity
The hermaphroditic F. fulgens displayed the shortest flowering period (3-4 months) and the dioecious F. parviflora the longest (8 months; Fig. 2 ), while F. arborescens and F. obconica exhibited an intermediate flowering period (~5 months). We found significant differences in floral display at the flowering peak and also in the total number of flowers produced between species (supplementary Table S2 ). Fuchsia parviflora produced significantly more flowers in the flowering peak than the rest of the species, and F. obconica produced more flowers than F. fulgens (Table 1 and supplementary Table S1 ). Significant differences were also found in all species comparisons regarding the total flowers produced, except for F. arborescens and F. parviflora. Fuchsia arborescens and F. parviflora possessed the largest floral displays and the greatest number of flowers produced throughout the flowering season, whereas F. fulgens and F. obconica exhibited fewer flowers (Table 1 and supplementary Table S1 ). We detected significant differences in flower production between years in F. obconica (repeated-measures ANOVA: F 1,1033 = 32.06, P < 0.0001; 2012: 7.99 ± 0.36 (mean ± SE, hereafter), 2013: 17.11 ± 1.34), but no differences were found between populations or sexes. On the other hand, males in F. parviflora showed larger floral displays than females (repeated-measures ANOVA: F 2,1032 = 3.66, P < 0.05, Table 1), and individuals of one population displayed significantly more flowers than the other (repeated-measures ANOVA: F 1,1032 = 46.07, P < 0.0001; Ajuno: 19.26 ± 1.18, Zirahuen: 12.67 ± 0.88); however, no differences in flower display were detected between the two years of study.
Flowers of the four studied species lasted between 3 and 5 days. Although we did not find significant differences in longevity between the sexes of dioecious species, significant differences were detected between species (F 3,66 = 14.33, P < 0.0001), with F. fulgens exhibiting the longest flower longevity and F. obconica the shortest (Table 1) . In dioecious species, the average numbers of male and female flowers are shown. Information for the four species studied is shown on the same plot for clarity, even though all studied populations were allopatric. Numbers indicate mean ± SE of each variable quantified.
Floral visitation and pollination syndromes
After carefully reviewing the video recordings, we considered only floral visitors who made contact with reproductive organs (anthers and/or stigma). In F. arborescens, the most frequent visitor was the honeybee Apis mellifera (70% of visits), followed by the bumblebee Bombus ephippiatus (19%), one species of butterfly (8%) and the white-eared hummingbird (Hylocharis leucotis, 2%; Fig. 3 ). Fuchsia fulgens was visited exclusively by the magnificent hummingbird (Eugenes fulgens) in both years of observation (Fig. 3) Fig. 3 ). We only found significant differences in visitation rate between F. fulgens and F. arborescens (z = −2.42, P < 0.05). On average, F. fulgens had the lowest visitation rate (0.2 ± 0.04 flowers visited per hour) and F. arborescens the highest (0.67 ± 0.2 flowers visited per hour; Table 1 ). Visitation rate did not differ between sexes or years in any of the dioecious species (Table 1) . Even after removing non-significant factors from the analysis (population and year) to make the model simpler, no differences between sexes were detected.
In general, we found high variation in the correspondence between the predicted pollination syndrome and the floral visitors recorded. The percentage of correspondence ranges between 38% in F. arborescens and 100% in F. fulgens (Table 2) ; however, in contrast to our initial expectation, we did not observe greater correspondence in dioecious species (Table 2) .
Nectar production
We found significant differences in nectar volume and concentration between species and among flower age, but the interaction Species × Age was not significant for nectar volume. Fuchsia obconica produced less nectar than the rest of the species, and F. parviflora produced more nectar than F. arborescens (Tables 1 and 3; Fig. 4) . Regarding nectar concentration, significant differences were detected between all species comparisons and also among flower age and the interaction Species × Age (Tables 1 and 3; Fig. 4 ). Both nectar volume and concentration increased throughout the life of the flower in all species, and an inverse relationship between nectar volume and concentration was observed: the nectar in species with higher production is more diluted. Nectar volume did not differ between sexes in F. obconica and F. parviflora, but females of F. obconica produced significantly more concentrated nectar than males (z = −7.70, P < 0.001; Table 3 ).
Herkogamy and self-pollination in hermaphroditic species
The level of herkogamy was higher in F. fulgens than in F. arborescens, and in both species it decreases as time passes (i.e. anthers and stigma become closer together, Fig. 5 ).
In both hermaphroditic species, fruits were produced by both autonomous pollination and manual self-pollination. In F. arborescens, the proportion of fruits produced by outcrosses and also manual self-pollination was higher than by autonomous pollination (z = −3.6, P < 0.001; z = −2.56, P < 0.05, respectively, Table 1 ). In F. fulgens, the proportion of fruits produced by autonomous or manual self-pollination did not differ from the outcrosses (Table 1) . 
Pollen limitation
Fruit set did not differ significantly between outcrosses and natural pollination in any of the dioecious species nor among the three treatments in hermaphrodites (Table 1) . However, considering the number of seeds, significant differences between treatments were found in F. obconica, in which fruits of the natural pollination treatment had more developed seeds than did those of outcrosses (z = −2.92, P < 0.01), as well as in F. fulgens, where fruits of outcrosses had more developed seeds (mean ± SE, 133 ± 9.4) than fruits of natural pollination (126 ± 14.2; z = 3.29, P < 0.01, Table 1), and also more seeds than fruits of manual self-pollination (92.6 ± 17.6; z = 2.36, P < 0.05). We could not include all three treatments for the number of seeds in F. arborescens because the fruits of the manual self-pollination treatment were lost. In addition, the number of undeveloped seeds per fruit was significantly higher in the self-pollination treatment (23 ± 4.4) than in the manual outcrossing treatment (7 ± 3.2; z = −2.47, P < 0.1). No significant differences in seed mass were found between treatments in any of the species.
Fruit set, seed production and seed germination
We did not observe asexual seed production (apomixis) in the dioecious species. Regarding fruit set from natural pollination, F. fulgens produced a significantly lower proportion of fruits than the rest of the species (Tables 1 and 4; Fig. 6A ). We also found significant differences in the number of seeds per fruit and seed mass between species. Hermaphroditic species produced more seeds per fruit than dioecious species (Tables 1  and 4 ; Fig. 6C ), but significant differences were detected between all species comparisons (Table 4) . Moreover, seeds from hermaphroditic F. arborescens and F. fulgens were lighter than those from dioecious F. obconica and F. parviflora (Table 4 ; Fig. 6D ). The percentage of seed germination in F. fulgens was significantly lower than the remaining species (F. arborescens: z = 4.66, P < 0.001, F. obconica: z = −6.84, P < 0.001, F. parviflora: z = −4.41, P < 0.001). Also, the percentage of germination was lower in F. parviflora than in F. obconica (z = 2.94, P < 0.05, Table 1 and Fig. 6B ).
DISCUSSION
Floral display, floral visitors and pollination syndromes
In many dioecious species, it is expected that male plants have larger floral displays than females because individual male flowers are less costly (Meagher and Delph 2001 and references therein). Our study showed that in F. parviflora male plants produced more flowers than females, despite the difference in the number of flowers between populations, which may be the result of variation in environmental conditions. However, in F. obconica, no significant differences were detected. Larger floral displays in male plants have been reported in other dioecious species such as Wurmbea dioica (Vaughton and Ramsey 1998) , Sagittaria latifolia The predicted syndromes were assessed by evaluating all traits for each species, and correspondence was obtained by means of floral visitor records ( Fig. 3 ; see Materials and methods for details). For the dioecious Fuchsia obconica and Fuchsia parviflora, the correspondence for male ♂ and ♀ female flowers is shown.
a The nectar concentration expected for ornithophily is low according to Willmer (2011). b Only stigma is exposed in female flowers. ( Glaettli and Barrett 2008) and Silene latifolia (Delph et al. 2005) . In Silene latifolia, larger floral displays in male individuals also attracted more pollinator visits, increasing siring success (Delph et al. 2005) . Furthermore, in both dioecious Fuchsia species, male flowers are significantly larger than those of females (Alvarado 2012) as found in other dioecious species (Delph et al. 1996; Delph and Herlihy 2012; Yakimowski et al. 2011) . Differences in floral size and/or rewards between sexes may interfere with mating success if pollinators are attracted to one sex more than the other or the two sexes attract different pollinators. As a result, if one sex receives more visits than the other (e.g. males) a reduction in pollen transfer to female plants may be produced (Barrett 2003; Vamosi et al. 2006) . Even when we did not detect differences in nectar production or visitation rate among sexes of the dioecious species, we found that female flowers of F. parviflora were mainly visited by bees (65% of visits) and male flowers by hummingbirds (75% of visits). In F. obconica, in 2012, female flowers were more frequently visited by wasps while male flowers by bumblebees, flies and wasps; but in 2013, both sexes were more frequently visited by bumblebees. Nevertheless, besides the above-mentioned differences in visitation pattern between sexes in dioecious species, no pollen limitation was observed (see below). However, the possible negative consequences on plant fitness through reductions in pollen transfer to female flowers, and therefore on fruit set (given the apparent preference of hummingbirds for male flowers and wasps for female flowers), needs to be explicitly tested. Nectar and floral traits in these Fuchsia species are congruent with the premises of pollination syndromes, in which ornithophily is characterized by red tubular flowers with high nectar volume and low concentration, except for the small flower size in F. parviflora and the high nectar concentration in F. arborescens, whereas melittophily is characterized by smaller white and rose-colored flowers with average volume and concentration levels (Willmer 2011) . We consider that the low correspondence in F. arborescens (ornithophily) is due to the fact that bees may visit a great variety of flowers even without a morphological match. In addition, this highlights a possible limitation of pollination syndromes, in that categories are not mutually exclusive. However, the prediction about a stronger correspondence of floral traits and pollinator guilds in dioecious species compared with hermaphroditic ones is NS = not significant. ***P < 0.001, **P < 0.01, *P < 0.05. not supported by our data. Nevertheless, in both dioecious species, we found a stronger correspondence in male versus female flowers (Table 2) . This difference between the sexes may be related to differences in flower size, given the apparent similar nectar volume and concentration between them (Table 1) . Independent of reproductive system, clear differences were observed in the pollinator guild between species: the short lavender flowers of F. arborescens and white flowers of F. obconica were visited almost exclusively by bees and wasps, while the long tubular red flowers of F. fulgens were visited solely by long-billed E. fulgens and the medium-sized tubular red flowers of F. parviflora by bees and hummingbirds. The floral reward offered by plants is a key factor in pollinator attraction (Ashman et al. 2005; Charlesworth 1993; Hemborg and Bond 2005; Rocca and Sazima 2006) . On average, F. fulgens and F. parviflora produce more, but more diluted, nectar than the other two species and are exclusively or frequently visited by hummingbirds. On the other hand, F. arborescens and F. obconica produce less nectar, which is more concentrated, and are mainly visited by bees and wasps.
Herkogamy and self-pollination in hermaphroditic species
Even though Fuchsia was defined as a genus with 100% outcrossing (Raven 1979) , we found that both hermaphroditic species produced fruits by selfing. This suggests that these species may exhibit reproductive assurance in the absence of pollinators. In F. arborescens, more fruits were produced by outcrosses than by manual or autonomous pollination; however, in F. fulgens no differences were detected. As we expected, the species with a lower level of herkogamy, F. arborescens, produced a higher fruit set by autonomous self-pollination. In addition, the flowers of hermaphroditic species on average live longer than those of dioecious species, probably increasing the chances of self-fertilizing when pollinators are scarce. Even though herkogamy was greater in F. fulgens than in F. arborescens, this was reduced in both species as flowers got old, probably facilitating late self-pollination (Lloyd and Schoen 1992) .
Pollen limitation
As we did not find asexual seed production in dioecious species, pollinators necessarily need to move pollen from a male plant, with dehiscent anthers, to a female plant, with receptive stigmas. However, not all movements between plants are in this direction, so the probability that pollination occurs in a single movement between plants is lower in dioecious species than in hermaphrodites (Abe 2001) , which may lead to pollen limitation (Ashman et al. 2004; Vamosi and Otto 2002) . Differences in flower size and rewards to attract pollinators between the sexes in dioecious species can also lead to pollen limitation. Despite the limitations of our pollen limitation experiment, as we were unable to cross all flowers per plant or to have sufficient replicates of populations and years, our data do not suggest pollen limitation in dioecious species in terms of fruit production and seed number, regardless of the marked differences in both flower size and the assemblage of visitors between sexes. Self-compatible hermaphroditic species with autonomous pollination are less likely to experience pollen limitation because an additional source of pollen (self-pollen) can potentially contribute to fertilization (Larson and Barrett 2000) . Nevertheless, the hermaphroditic flowers of F. fulgens exposed to pollinators, and those manually self-pollinated, had fewer developed seeds per fruit than did outcrossed flowers. This may be the result of pollen limitation, but it could also represent an effect of inbreeding depression. The potential advantage of self-fertilization in F. fulgens over dioecious species is counteracted by the inbreeding depression effects on seed number and seed germination (see below), as the undeveloped seed number per fruit was significantly higher in the self-pollination treatment than in the manual outcrossing treatment. In addition, this is the species with the longest lived flowers, and their reproductive organs never come into contact, which can reduce the chances of autonomous pollination. The possibility of pollen limitation in F. fulgens is consistent with its low visitation rate (only 0.2 visits per hour), which may be related to its specialized floral morphology and its apparent specialized relationship with E. fulgens, the only legitimate visitor observed in 2 years. Although other hummingbirds (A. beryllina and H. leucotis) were observed in the studied population of F. fulgens, they did not visit the flowers in a proper manner, but through perforations in the base of the flowers, acting as primary or secondary robbers. However, more data are needed to determine whether nectar robbery can explain pollen limitation in this species. Finally, although greater pollen limitation is expected in species with specialized, rather than unspecialized, pollination systems, there is still little evidence to confirm it (Larson and Barrett 2000; Marten-Rodriguez and Fenster 2010) .
Fruit set, seed production and seed germination
The low fruit set in F. fulgens may be related to the lower visitation rate found in this species compared with the other species. On the other hand, the lower proportion of seed germination may be a consequence of selfing and probably the expression of inbreeding depression. The territorial behavior of its main pollinator, the hummingbird E. fulgens (Cronk and Ojeda 2008) , may increase self-fertilization by geitonogamy. However, even though F. fulgens produced proportionally less fruits than the other studied species, it produces, along with F. arborescens, more (but lighter) seeds per fruit than dioecious species. Given the reduced number of dioecious species in Fuchsia (only three species), it is difficult to discern whether these disparities (i.e. less but heavier seeds in dioecious species) are due to differences in mating system or the fact that they are different species. However, according to the phylogeny of Fuchsia (Berry et al. 2004) , the hermaphroditic F. arborescens and the dioecious F. parviflora (F. cilyndraceae in Berry et al. 2004) are in sister clades, supporting the proposition that the difference in seed number and size may be related to the mating system. In addition, in a broader study that included five dimorphic species (gynodioecious and subdioecious) and two other hermaphroditic species (F. splendens and F. decidua), we also found fewer and heavier seeds in dimorphic species (Alvarado 2012) . Therefore, it is likely that the heavier but lower number of seeds per fruit found in dioecious species, compared with hermaphrodites, may be the result of sexual specialization; however, a comparative study controlling for phylogenetic effects is needed. Interestingly, in another section of the genus with dimorphic species (i.e. Skkinera, from New Zealand), the number of seeds per flower (~400) is much higher, although the seeds are lighter, than in its hermaphrodite relatives, even the most hermaphroditic species (C. González et al., unpublished data) . These observations suggest that different sexual specialization strategies may have evolved independently among dimorphic species.
The evolutionary transition from hermaphroditism to dioecy is considered a major transition in angiosperms (Barrett 2013) , and it has consequences on the plant mating system and may affect flower size and function and thus the interaction with pollinators. The lack of a higher correspondence of floral traits and pollinator guilds found in dioecious species may be related to the modification of floral traits during the transition from hermaphroditism to dioecy. However, the fewer but heavier seeds per fruit in dioecious species may be related to the more efficient resource allocation expected from sexual specialization and could play an important role in the evolution of dioecy; nevertheless, a comparative phylogenetic approach is required to confirm this hypothesis. Our results may eventually contribute to the study and understanding of the adaptive significance of changes in the reproductive system of this group of plants during its evolutionary history.
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